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Objective: This study used a rat model of post-traumatic knee osteoarthritis (OA) created by anterior
cruciate ligament transection with partial medial meniscectomy (ACLT þ pMMx). In this model, mild to
moderate structural changes that are typical of knee OA have been observed within 2 and 8 weeks post-
surgery. We aimed to determine whether pain-related behaviours can distinguish between an
ACLT þ pMMx and a sham surgery group.
Design: Three-month old male SpragueeDawley rats underwent ACLT þ pMMx on their right hindlimb
within two groups of n ¼ 6 each, and sham surgery within two groups of n ¼ 5 each. Assessments
evaluated percent ipsilateral weight-bearing for static weight-bearing and 18 different variables of
exploratory motor behaviour at multiple time points between 1 and 8 weeks post-surgery. Histology was
performed on the right hindlimbs at 4 and 8 weeks post-surgery.
Results: Histology conﬁrmed mild to moderate knee OA changes in the ACLT þ pMMx group and the
absence of knee OA changes in the sham group. Compared to the sham group, the ACLT þ pMMx group
had signiﬁcantly lower percent ipsilateral weight-bearing from 1 through 8 weeks post-surgery.
Compared to the sham group, the ACLT þ pMMx group had signiﬁcantly lower vertical activity
(episode count, time, and count) values.
Conclusions: These ﬁndings suggest that ipsilateral weight-bearing deﬁcit and vertical activity limita-
tions resulted from the presence of knee OA-like changes in this model. When using the ACLT þ pMMx-
induced rat model of knee OA, percent ipsilateral weight-bearing and vertical activity distinguished
between rats with and without knee OA changes. These variables may be useful outcome measures in
preclinical research performed with this experimental post-traumatic knee OA model.
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The clinical presentation of knee osteoarthritis (OA) typically
involves chronic pain and physical disability1. Pain does not always
accompany knee OA, but symptomatic knee OA is very prevalent2,3.
For example, the lifetime risk of developing symptomatic knee OA
in the US has been estimated to vary between 9.6% and 23.9%,
depending on a person's age, sex, and obesity status3. In humans,
the presence of OA pain is associated with negative outcomes such
as activity limitations, participation restrictions, and reduced
quality of life1. These symptoms may be observed as behavioural
changes, beginning at the early stages of the disease before diag-
nosis, and continuing through to its late stages4e6.td. All rights reserved.
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humans, and are useful in preclinical studies on pharmacology and
pathophysiology of the disease7. Chemical (particularly, mono-
sodium iodoacetate eMIA) and surgical induction methods are the
two most commonly used to create experimental knee OA models
with rats7,8. The surgical induction methods are particularly suited
for studying post-traumatic knee OA.
In humans, previous ligamentous knee joint injury, such as an
anterior cruciate ligament (ACL) tear, is a major risk factor for knee
OA9. In most instances, an ACL tear is accompanied by a meniscal
tear10. On average, 50% of individuals develop knee OA within
10e20 years after an ACL tear10,11.
We used a preclinical rat model of post-traumatic knee OA
created by ACL transection with partial medial meniscectomy
(ACLT þ pMMx)12e15. The model acts by destabilizing the joint and
disrupting its biomechanics, and thus has high clinical relevance in
the study of knee OA12. This model's changes in joint structure and
gene expression have been well characterized in previous stud-
ies12e15. Histology and micro-computed tomography (mCT) of the
knee joints have demonstrated the presence of changes that were
characteristic of mild to moderate knee OA in the ACLT þ pMMx
rats between 2 and 8 weeks post-surgery12. The structural changes
have been determined to be similar to early stage knee OA in
humans12. In ratmodels of post-traumatic knee OA, some aspects of
their pain-related behaviours have been characterized, such as
weight-bearing deﬁcit and gait changes7. However, static weight-
bearing and exploratory motor behaviour (spontaneous locomo-
tor activities) have not been previously published for this particular
model, to the best of our knowledge.
The assessment of pain and physical function are vital compo-
nents of the clinical assessment of patients with symptomatic knee
OA16. The assessment of pain-related behaviour is becoming more
popular in rat models of OA because of its utility for increasing the
translatability of animal studies to human clinical settings7,17. This
increased popularity is made evident by the recent special issue
from the journal Osteoarthritis and Cartilage on ‘Pain in Osteoar-
thritis’ and other recent publications7,8,17. The special issue high-
lighted the use of pain-related behaviour assessments in rat models
of knee OA7,8. Most of this published work has been done with MIA
induced ratmodels of OA that inducemechanical allodynia, which is
common in painful non-injured sites in humans8,18. Exploratory
motor behaviour, as investigated in the present study, has not been
previously published for any rat model of post-traumatic knee OA
but has been used with other post-surgery rodent models17.
Exploratory motor behaviour was recently characterized for a
mouse model of post-traumatic knee OA by testing spontaneous
locomotor activity in an open ﬁeld tester19. The investigators found
no difference between themodel and sham groups, whichmight be
a consequence of the period of assessment or the variables of
exploratory motor behaviour that were studied19. Other studies
using ratmodels of knee OA have observed certain characteristics of
activity limitation such as reduced locomotion, rearing and climb-
ing7,20,21. Pain-related behaviour exhibited by a rat model of OA is
dependent on the type rather than the extent of joint damage7,22.
Therefore, the aim of this study was to determine whether static
weight-bearing and variables of exploratory motor behaviour in
rats can be used to distinguish between an ACLT þ pMMx-induced
rat model of post-traumatic knee OA and a sham surgery control.
Methods
Animals
All experimental procedures were conducted in accordance
with protocols approved by the University of Western OntarioAnimal Care and Use Committee in agreement with federal regu-
lations (Animal protocol No. 2007-045). Subjects were male Spra-
gueeDawley rats (Charles River Laboratories, St. Constant, Quebec,
Canada) that arrived at 10weeks old andweighed between 301 and
325 g. The rats were caged doubly and then singly after surgery in a
ventilated animal room with controlled temperature (20e25C)
and controlled humidity (40e60%). They were placed on a 12 h
light/dark cycle starting at 7 am and received food and water ad
libitum.
Study design
Figure 1 is a schematic of the experiment protocol. Rats were
randomly allocated to the two main study groups, two alternate
groups, and a naïve group (n ¼ 5). The alternate ACLT þ pMMx and
sham groups were sacriﬁced at 4 weeks post-surgery, and the main
study groups and the naïve group were sacriﬁced at 8 weeks post-
surgery by CO2 asphyxiation. Hindlimbs were harvested, then ﬁxed
in 4% paraformaldehyde overnight, and decalciﬁed for 4 days in
Formical-2000 (Decal Chemical Corp.) for later histological
assessment. The alternate groups were treated in the same manner
as the main study groups, including behaviour assessments.
ACLT þ pMMx-induced OA
The ACLT þ pMMx group (n ¼ 6) had surgery to their right
hindlimb to induce the model of post-traumatic knee OA using a
well-established protocol previously described, without forced
mobilization following surgery12e15,23. The sham group (n ¼ 5) had
surgery only to visualize the ACL and medial meniscus of the right
hindlimb. Additionally, to emulate the experimental conditions of
pre-clinical drug treatment trials, an osmotic minipump (Alzet
2ML4) ﬁlled with sterile distilled water was surgically installed
subcutaneously between the scapulae of each rat in both the
ACLTþ pMMx and sham groups24. A similar surgerywas performed
4weeks later¸ to replace the now exhausted pumps with fresh units.
During surgery all rats were anaesthetized via isoﬂurane inhalation.
Analgesic buprenorphine (50 mg/kg) was injected subcutaneously.
This was done once pre-emptively during the surgery and once
every 8 h up to 48 h following the surgery.
Structural joint changes
Animals from the main ACLT þ pMMx group and sham group
were sacriﬁced 8 weeks post-surgery for histology assessments.
The alternate groups were followed for 4 weeks post-surgery
before their knee joints were harvested for histology to conﬁrm
the presence of early OA related structural changes. Harvested
limbs were processed and embedded in parafﬁn wax following
ﬁxation and decalciﬁcation. Serial frontal sections were cut span-
ning the loading portion of the ipsilateral (right) knee joint. Sec-
tions were stained from six different depths spanning
approximately 1200 mm of the joint, using 0.04% toluidine blue25.
Structural joint changes were assessed using the Osteoarthritis
Research Society International (OARSI) guidelines for histo-
morphometry and pathology scoring26. This guideline is an ordinal
grading system in which lower scores represent less cartilage
degeneration26.
Static weight-bearing
Static weight-bearing was a construct of weight-bearing deﬁcit
between the ipsilateral (right) and contralateral hindlimbs when a
rat was stationary7,22. This was assessed during the 12 h light phase
at 1, 2, 4, 6, and 8 weeks post-surgery using an Incapacitance Tester
Fig. 1. Schematic of experimental protocol. Three months old male SpragueeDawley rats were acclimatized for 1 week. They then underwent ACLT þ pMMx (n ¼ 6), sham surgery
(n ¼ 5), or were naïve (n ¼ 5). At the same time, a drug delivery pump with distilled water as vehicle was installed under the skin in the midsaggital region of the back. Pump
revision surgery was done at 4 weeks after induction surgery to install a newly ﬁlled pump to replace the exhausted pump. The rats were followed for 8 weeks after ACLT þ pMMx
or sham surgery, and static weight-bearing and exploratory motor behaviour was assessed at ﬁve and three post-surgery time points, respectively. Two alternate groups were
followed for 4 weeks post-surgery, to access early knee structural changes.
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6 weeks time point for the naïve group. During the assessment
procedure, each rat was habituated to a relatively static position in
a conventional restrainer and separate transducers recorded the
average weight on each hindlimb over 5 s for ﬁve trials. Changes in
the hind paw weight-bearing distribution between the left
(contralateral control) and right (ipsilateral) hindlimbs were uti-
lized as an index of joint pain-like symptoms in the knees that had
surgery to induce the model of knee OA. Therefore, as a likely in-
dicator of OA pain, percent ipsilateral weight-bearing was subse-
quently calculated as weight on the ipsilateral hindlimb divided by
weight on both hindlimbs multiplied by 100 as per27. The average
percent ipsilateral weight-bearing per rat at each time point was
used in the statistical analyses.
General exploratory motor behaviour
Exploratory motor behaviour is a common construct that has
been used in numerous pharmacologic and non-pharmacologic
studies including small animal research dating back to the
1950s28,29. It captures spontaneous locomotor activity within a
given space and is related to self-motivation and curiosity7,17,28.
Exploratorymotor behaviour was assessed during the dark phase in
an unlit animal room using an open ﬁeld tester (AccuScan In-
struments, Omnitech Electronic, Columbus, OH) with a transparent
Plexiglas cage (height ¼ 33 cm, width ¼ 42 cm, and
length ¼ 42 cm). The cage had three pairs of sensors. Each pair of
sensors had 16 infrared light beams, equally spaced, that detected
activity when broken. Two pairs of sensors captured activity in the
horizontal plane at the base of the cage, and one pair captured
vertical activity at 19 cm above the base of the cage. Data were
automatically uploaded into a computer using the accompanying
software. During the assessment, the computer screenwas covered
to minimize exposing the rats to illumination. Exploratory motor
behaviour assessment was started at 4 weeks post-surgery, after
allowing sufﬁcient time for early stage knee OA-like structural joint
changes to begin and post-surgery pain to dissipate. Each rat
explored the open ﬁeld for 30min at 4, 6 and 8 weeks post-surgery.
However, this assessment was done only at 8 weeks post-surgeryfor the naïve group. Eighteen different variables of exploratory
motor behaviour were captured, encompassing frequency counts
and duration of horizontal, sedentary, stereotypic, revolution
movement and vertical activities (see Table I for complete list).
Disturbance of the rats was avoided during the assessments to
avoid inﬂuencing their movement.
Statistical analysis
Statistical analyses were conducted using the Statistical Package
for the Social Sciences v.20 (SPSS Inc. Chicago, Illinois) and
GraphPad Prism® v4 (San Diego, California). Graphs were con-
structed in GraphPad Prism® using means and their corresponding
95% conﬁdence intervals (CI).
Each dependent variable was a continuous variable, and had
independence of observation at each time point in this study. The
following tests of the underlying assumptions of the statistical an-
alyses were performed and the data properties conﬁrmed, unless
otherwise stated below. Any outliers in the data, for each dependent
variable within each group, were identiﬁed using the outlier label-
ling rule with the k coefﬁcient ¼ 2.230. Normality of the data dis-
tribution was assessed using the ShapiroeWilk test of normality.
Homogeneity of variance was assessed using Levene's test for ho-
mogeneity of variance during the analysis of variance (ANOVA) and
Student's unpaired t test. Sphericity was assessed using Mauchly's
test of sphericity during two-way repeated measures ANOVA. Dif-
ferences between groups were based on statistical signiﬁcance. In
all analyses, statistical signiﬁcance was tested with a two-tailed
P < 0.05 with adjustment for multiple comparisons where appli-
cable, such as Tukey's post hoc test after one-way ANOVA and
Bonferroni's multiple comparison test that had one family with a
family-wise alpha of 0.05 for each variable tested at each time point.
Analysis of static weight-bearing
We hypothesized that, from 1 through 8 weeks post-surgery,
percent ipsilateral weight-bearing would have signiﬁcantly lower
values for the ACLT þ pMMx group compared to the sham group.
This hypothesis was tested using two-way repeated measures
Table I
Repeated measures ANOVA results for variables of exploratory motor behaviour
Variable Main effects Interaction effect
Group F (1, 8), P-value Time F (2, 16), P-value
Ambulatory activity count 3.61, 0.09 2.06, 0.16 0.160, 0.85
Ambulatory activity time 5.13  103, 0.99 4.93, 0.02 0.300, 0.74
Ambulatory episode count 0.040, 0.85 12.1, <0.001 7.31, 0.006
Horizontal activity count 3.55, 0.10 1.99, 0.17 0.135, 0.103
Locomotor clockwise revolutions 1.67, 0.219 3.58, 0.05 3.38, 0.05
Locomotor counter-clockwise revolutions 0.300, 0.60 6.45, 0.01 7.72, 0.004
Movement episode count 0.389, 0.55 0.937, 0.41 0.767, 0.48
Movement time 2.66, 0.14 0.731, 0.50 0.102, 0.90
Rest episode count 0.419, 0.54 0.922, 0.42 0.713, 0.51
Rest time 2.67, 0.14 0.725, 0.50 0.103, 0.90
Total distance 0.336, 0.578 6.07,0.01 0.740, 0.49
Stereotypic activity count 0.021, 0.89 2.06, 0.16 0.231, 0.80
Stereotypic episode count 0.027, 0.87 1.81, 0.20 0.227, 0.80
Stereotypic episode activity count 2.99, 0.12 1.18, 0.20 0.037, 0.96
Stereotypy time 0.457, 0.52 4.48, 0.03 0.014, 0.99
Vertical activity count 14.2, 0.005 3.29, 0.06 0.445, 0.65
Vertical activity time 16.4, 0.004 10.1, 0.002 0.874, 0.44
Vertical episode count 16.7, 0.004 7.53, 0.005 0.383, 0.69
Bolded P-values are signiﬁcant at P < 0.05.
Only the three vertical activity groups showed a statistically signiﬁcant main effect between the rat groups, while seven variables had a statistically signiﬁcant main effect by
time, of which two had a signiﬁcant interaction effect.
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independent variables, and percent ipsilateral weight-bearing as
the dependent variable. This was followed by Student's unpaired t
test of the main effects by rat group, one-way ANOVAwith Tukey's
post-hoc testing of main effects by post-surgery time, and univari-
ate parsing of interaction effects to evaluate static weight-bearing
between and within the ACLT þ pMMx and sham groups across
the time points. If a signiﬁcant difference was found between the
rat groups in the preceding analysis, Bonferroni's multiple com-
parison test in GraphPad Prism® was used to evaluate whether
percent ipsilateral weight-bearing values in the ACLT þ pMMx and
sham groups were signiﬁcantly different from the values in the
naïve group at 4 and 8 weeks post-surgery.Analysis of exploratory motor behaviour
For each of the 18 exploratory motor behaviour variables, we
hypothesized that at 4 and 8weeks post-surgery, their valueswould
have a statistically signiﬁcant difference between and within the
ACLT þ pMMx and sham groups. Each hypothesis was tested using
two-way repeated measures ANOVA as described for static weight-
bearing. Each exploratory motor behaviour variable was a depen-
dent variable. If the values of a variable were signiﬁcantly different
between the ACLTþ pMMx and sham groups, Bonferroni's multiple
comparison test in GraphPad Prism®, evaluated whether their
values in the ACLT þ pMMx and sham groups were signiﬁcantly
different from values in the naïve group at 8 weeks post-surgery.
Any dependent variable that had a signiﬁcant difference be-
tween the ACLT þ pMMx and sham groups was subsequently
evaluated for association with OARSI cartilage degeneration scores
at 4 and 8 weeks post-surgery using Spearman's correlation coef-
ﬁcient (rs). Values range from 0 to±1, with rs¼1 or 1 representing
stronger correlations.Results
Animal characteristics
At surgery, the rats were about 3 months old with a mean (95%
CI) weight of 409 (393e426)g, 401 (386e415)g, and 390 (371e409)g for the ACLT þ pMMx, sham, and naïve groups respectively. There
was no signiﬁcant difference between the rat groups at surgery, or
at 4 weeks and 8 weeks post-surgery. Data of one rat from the
ACLT þ pMMx group was removed due to signiﬁcant upper outlier
values on the three vertical activity variables. Therefore, each group
had ﬁve rats. Data from each dependent variable were approxi-
mately normally distributed at each time point.Structural changes of the joint
Evidence of cartilage degeneration (red arrowheads, [Fig. 2(A)])
and osteophyte development (yellow asterisks, [Fig. 2(A)]) that
were indicative of knee OA-like changes, was found in the medial
compartment of ipsilateral knee joints of the ACLTþ pMMx animals
but not in the sham animals at 4 and 8 weeks post-surgery. The
OARSI scores of cartilage degeneration showed a signiﬁcant dif-
ference (P < 0.005, ManneWhitney test) between the
ACLT þ pMMx and sham groups in both the medial tibial plateau
(MTP) and medial femoral condyle (MFC). These groups' respective
mean scores of MTP degeneration at 4 weeks post-surgery were 4.2
(2.9e5.5) and 0.07 (0.12e0.25) and at 8 weeks post-surgery were
6.0 (3.8e8.2) and 0.27 (0.15e0.38). These groups' respective mean
scores of MFC degeneration at 4 weeks post-surgery were 3.4
(2.3e4.5) and 0.10 (0.09e0.29) and at 8 weeks post-surgery were
5.8 (3.1e8.6) and 0.07 (0.05e0.18) [Fig. 2(B) and (C)]. Minor
cartilage degenerationwas observed in the lateral compartments of
the ACLT þ pMMx operated animals with signiﬁcant differences
compared to the sham animals [Supplementary Fig. 1(A),(B)]. Evi-
dence of minor ﬁbrosis was identiﬁed in the medial but not the
lateral synovium of the ACLT þ pMMx animals [Supplementary
Fig. 1(C)].The ACLT þ pMMx animals demonstrated less ipsilateral static
weight-bearing
Development of pain-like symptoms following ACLT þ pMMx
was supported by the static weight-bearing analysis (Fig. 3). The
ACLT þ pMMx group had signiﬁcantly lower percent ipsilateral
weight-bearing when compared to the sham group. During the
two-way ANOVA, sphericity was assumed (Mauchly's W ¼ 0.257,
Fig. 2. Evidence of OA in ACLT þ pMMx operated rats as shown by histology. (A) Representative toluidine blue stained sections of knee joints demonstrates histological changes
congruent with early to mid OA in ACLT þ pMMx (n ¼ 6) but not sham operated animals (n ¼ 5). Cartilage degeneration (red arrowheads) and osteophyte development (yellow
asterisks) are indicated. (B) At 4 and (C) 8 weeks post-surgery, ACLT þ pMMx rats showed signiﬁcantly higher OARSI cartilage degeneration scores in the MTP and MFC of operated
knee joints. **P < 0.005, ManneWhitney statistical test. The values are presented as mean with 95% CI for each study group. T ¼ medial tibia, F ¼ medial femur.
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Percent ipsilateral weight-bearing showed a signiﬁcant interaction
effect between post-surgery time and rat group (F (2.95,
23.61) ¼ 5.59, P ¼ 0.005), and a signiﬁcant main effect by rat group
(F (1, 8) ¼ 161.26, P < 0.001) and by time (F (2.95, 23.61) ¼ 13.1,
P < 0.001). Student's unpaired t tests with normality and equal
variance assumed, showed that the ACLT þ pMMx group had
signiﬁcantly lower percent ipsilateral weight-bearing at each post-
surgery time point when compared to the sham control (Fig. 3).
One-way ANOVA with Tukey's post-hoc testing showed that
percent ipsilateral weight-bearing in the ACLT þ pMMx group was
signiﬁcantly lower for week one compared to the other follow-up
weeks (F (2.74, 10.96) ¼ 7.60, P ¼ 0.006), but not among the other
weeks (P > 0.05). Whereas, in the sham group, percent ipsilateral
weight-bearing was signiﬁcantly higher at 6 weeks post-surgery
compared to 1 week and 4 weeks post-surgery (F (2.56,Post-surgery time (weeks)
*
*
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*
1 2 4 6 8
35
40
45
50
55
60
65
P
er
ce
nt
 ip
si
la
te
ra
l w
ei
gh
t-b
ea
rin
g
ACLT + pMMx
Sham
Fig. 3. Percent ipsilateral weight-bearing between rat groups. Percent ipsilateral
weight-bearing assessed static weight-bearing as a likely indicator of pain. Percent
ipsilateral weight-bearing was consistently statistically signiﬁcantly lower for the
ACLT/pMMx rats when compared to the sham operated rats. *At each time point, the
groups had statistically signiﬁcant difference at adjusted P < 0.001. The values are
presented as means with 95% CI for each study group at each assessed post-surgery
time point.10.24) ¼ 10.7, P ¼ 0.002). However, the percent ipsilateral weight-
bearing of the sham group was always equal to or greater than 50%.
Bonferroni's multiple comparison test demonstrated that the
mean percent ipsilateral weight-bearing of the naïve group was not
signiﬁcantly different from the ACLT þ pMMx group at 4 weeks
(t ¼ 2.75, adjusted P ¼ 0.103), but was signiﬁcantly lower than the
ACLT þ pMMx group at 8 weeks post-surgery (t ¼ 3.06, adjusted
P ¼ 0.020). Also, the mean percent ipsilateral weight-bearing of the
naïve group was not signiﬁcantly different from the sham group at
both 4 weeks (t ¼ 0.658, adjusted P ¼ 1.00) and 8 weeks post-
surgery (t ¼ 0.059, adjusted P ¼ 1.00).ACLT þ pMMx animals performed less rearing in exploratory motor
behaviour testing
Of the 18 variables of exploratory motor behaviour investigated,
a signiﬁcant difference between the rat groups was only observed
for the three variables that captured vertical (or rearing) activity.
Seven variables had a signiﬁcant main effect by post-surgery time,
and two variables had a signiﬁcant interaction effect (Table I). For
group effects, Student's unpaired t tests showed that the
ACLT þ pMMx group had signiﬁcantly lower vertical activity
(episode count, time in seconds, and count) values at each of the
assessment time points (Fig. 4, Table II). Only the sham group had a
signiﬁcant difference between time points, as observed where
stereotypic activity time was different between week six and eight.
Furthermore, for the sham group, six out of the other seven vari-
ables (the exception being total distance) had a signiﬁcant differ-
ence between 4 weeks and 8 weeks post-surgery (Table II). Parsing
of the two interaction effects revealed no additional signiﬁcant
difference between the groups at each time point.
Bonferroni's multiple comparison test showed that at 8 weeks
post-surgery, compared to the naïve group, the ACLT þ pMMx
group had a signiﬁcantly lower vertical activity episode count
(t ¼ 2.85, adjusted P ¼ 0.029) and vertical activity count (t ¼ 0.015,
adjusted P ¼ 0.019), but similar vertical activity time (t ¼ 2.164,
adjusted P ¼ 0.103). Whereas, Bonferroni's multiple comparison
test showed that at 8 weeks post-surgery compared to the naïve
group, the sham group had a similar vertical activity episode count
(t ¼ 0.757, adjusted P ¼ 0.927), vertical activity count (t ¼ 0.757,
adjusted P ¼ 0.927), and vertical activity time (t ¼ 0.267, adjusted
P ¼ 1.00).
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Fig. 4. Vertical episode count differed between rat groups. Vertical episode count was
one of eighteen variables used to assess dynamic pain-related behaviour. It is one of
the three vertical activity variable that consistently showed statistically signiﬁcantly
lower values for the ACLT þ pMMx rats when compared to the sham operated rats
from 4 through 8 weeks post-surgery. *At each time point, the groups had statistically
signiﬁcant difference at adjusted P < 0.05. The values are presented as means with 95%
CI for each study group at each assessed post-surgery time point.
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sociation with percent ipsilateral weight-bearing and the variables
of vertical activity were investigated. At 8 weeks post-surgery,
moderate to strong correlations were observed, which were in
most cases statistically signiﬁcant for MTP and for MFC with
percent ipsilateral weight-bearing (rs ¼ 0.71, P ¼ 0.022;
rs ¼ 0.65, P ¼ 0.040), vertical activity episode count (rs ¼ 0.71,
P ¼ 0.020; rs ¼ 0.83, P ¼ 0.003), vertical activity time (rs ¼ 0.70,
P ¼ 0.024; rs ¼ 0.54, P ¼ 0.105), and vertical activity count
(rs ¼ 0.59, P ¼ 0.072; rs ¼ 0.68, P ¼ 0.030). The correlations at
4 weeks post-surgery were similar. The negative rs values indicated
lower OARSI scores were correlated with higher percentage ipsi-
lateral weight-bearing and higher vertical activity values.Table II
Repeated measures ANOVA post-hoc testing results for exploratory motor behaviour
Variable* Post-surgery time, sham
Week 4
Ambulatory activity count 1479 (982e3940)
Ambulatory activity timey 4 (47e55)
Ambulatory episode county 9 (22e4)
Horizontal activity count 1462 (1036e3961)
Locomotor clockwise revolutions 3 (20e25)
Locomotor counter-clockwise revolutionsy 14 (4e32)
Movement episode count 16 (61e29)
Movement time 72 (94e238)
Rest episode count 16 (61e29)
Rest time 72 (238e94)
Total distance 983 (1996e3963)
Stereotypic activity count 17 (147e113)
Stereotypic episode activity count 1029 (956e3014)
Stereotypic episode count 3 (50e45)
Stereotypy timez 5 (29e19)
Vertical activity county 449 (156e747)x
Vertical activity timey 143 (42e244)x
Vertical activity episode county 66 (24e109)x
* Distance is in centimeters, time is in seconds, count and revolution are in numbers.
y Statistically signiﬁcant difference between week 4 and week 8 for the sham operate
z Statistically signiﬁcant difference between week 6 and week 8 for the sham operate
x Bonferroni's multiple comparison test showed statistical signiﬁcance between groupDiscussion
Our ﬁndings demonstrated that percentage ipsilateral weight-
bearing and vertical (rearing) activity, based on statistical signiﬁ-
cance, differed between the ACLT þ pMMx induced model of post-
traumatic knee OA and sham surgery rats. Our data show that these
two behaviours were moderately to strongly associated with the
presence of mild to moderate osteoarthritic structural joint
changes12. Thus, the above ﬁndings provide evidence that these
behaviours are consistent with symptoms of post-traumatic knee
OA, and may be adequate for use to distinguish between rats with
and without knee OA-like changes when using the ACLT þ pMMx
rat model.
It is common among research studies to ﬁnd signiﬁcant ipsilateral
weight-bearing deﬁcits in a knee OA rat model group when it is
compared to a control group7,31e33. Most studies of rat models of
post-traumatickneeOAhave assessedweight-bearingduring thegait
cycle of rats31e33, and therefore, would not measure static weight-
bearing. Most other studies that did assess static weight-bearing
and demonstrated a statistically signiﬁcant weight bearing deﬁcit
on the ipsilateral hindlimb used MIA-induced OA rat models7,22.
Studies that have assessed static weight-bearing for experimental
models of post-traumatickneeOAeither foundno signiﬁcantweight-
bearing deﬁcit22 or showed a signiﬁcant difference while using short
follow-up periods34 of usually up to 4weeks post-surgery. Such short
periodswould only capture the very beginning stages of kneeOA-like
changes in the ACLT þ pMMx rat model12.
As far as we know, this is the ﬁrst study to report on exploratory
motor behaviour using the open ﬁeld tester to assess rats with
experimentally induced post-traumatic knee OA-like changes. The
ﬁndings indicated that vertical (rearing) activity in the context of
spontaneous locomotor activity may be useful in distinguishing
between rats with and without ACLT þ pMMx-induced knee OA-
like changes. Findings of previous studies are conﬂicted on the
utility of vertical activity in distinguishing between a post-
traumatic model of knee OA and control groups in mice. One
study found a signiﬁcant difference in rearing activity between
mice in a naïve group and a surgically destabilizedmedial meniscus
induced model of knee OA at 16 weeks post-surgery35. However,
that study's behavioural assessment was very lengthy, as it lastedand ACLT þ pMMx group mean difference (95% CI)
Week 6 Week 8
1177 (1284e3639) 1732 (729e4194)
6 (57e44) 3 (48e53)
0 (14e13) 6 (7e20)
1190 (1309e3689) 1718 (780e4217)
12 (35e11) 7 (16e30)
1 (18e19) 4 (22e15)
15 (59e30) 5 (40e49)
60 (106e226) 94 (260e71)
15 (59e30) 5 (40e49)
60 (226e106) 95 (261e71)
17 (2963e2996) 823 (2157e3803)
13 (117e143) 14 (144e116)
1224 (761e3209) 1097 (888e3082)
7 (41e55) 4 (44e52)
5 (28e19) 6 (30e18)
439 (146e732)x 341 (49e633)x
121 (20e222)x 109 (8e210)x
55 (13e98)x 57 (14e100)x
d rats.
d rats.
differences at adjusted P < 0.05.
C.B. Hamilton et al. / Osteoarthritis and Cartilage 23 (2015) 1178e1185118415 h and used the Laboratory Animal Behavior Observation Regis-
tration and Analysis System (LABORAS) which utilizes vibration
and force signals to detect exploratory motor behaviour35. On the
other hand, a 30 min assessment in an open ﬁeld tester found no
signiﬁcant difference in rearing time up to 12 weeks post-surgery
between a bilateral cruciate ligament injury mouse model and a
sham surgery group19. Thus, the present study may be the ﬁrst to
provide support for vertical activity as a measure to distinguish
between rats of a post-traumatic model of knee OA and control
groups.
Vertical activity may be likened to sit-to-stand activity in
humans, which is a valuable performance-based clinical measure of
physical function in people with knee OA36. Compared to age and
gender-matched controls, humans with early stage medial knee OA
have been reported to put less weight on their affected side when
transitioning from a sitting to a standing position37. Interestingly,
these individuals with knee OA reported no pain at the time of
assessment, but had previously been symptomatic37. Therefore, a
weight-bearing deﬁcit could be related not only to pain but also to
limb strength38. However, another study in humans showed that
knee OA-related pain is moderately correlated with the time taken
to perform the sit-to-stand activity39. Thus, knee OA-related pain
may be associated with a decrease in the number of vertical activity
episodes performed within a given period of time.
Using sham surgery as a control allowed for most of the differ-
ence between the groups to be attributable to the ACLT þ pMMx
surgery, and consequently to knee OA changes. The naïve control,
further substantiated the strength of our results, by showing a
statistically signiﬁcant differencewith the ACLTþ pMMx group, but
not with the sham control. Assessment of exploratory motor
behaviour began at 4 weeks post-surgery, after allowing post-
surgical pain to dissipate and for early stage knee OA-like
changes to be established12. Furthermore, in the present study,
the sham group did not develop OA-like structural changes
compared to the development of OA-like changes in older middle-
aged (12 months old) sham-operated rats in a previous study40.
There were some limitations to this study. First, the ACLs of the
ACLT þ pMMx rats were not reconstructed. Therefore interpreting
whether the behavioural changes were independent of joint
instability and attributable only to symptomatic knee OA-like
changes is difﬁcult7. Second, values for some of the behavioural
variables had high within-group variation. Thus, some statistical
analyses may have been too underpowered to detect a statistically
signiﬁcant difference between the study groups for variables of
exploratory motor behaviour other than the three vertical activity
variables. In a future study, this limitation might be investigated by
using larger group sizes and a longer duration for exploratory
motor behaviour assessment. Third, a drug delivery pump was
installed, which makes our ﬁndings limited to conditions under
which a similar approach is used for drug delivery. Efforts were
taken to reduce the trauma involved in pump installation. However,
it is possible that these surgeries, and the short term analgesics
which followed may inﬂuence long term pain pathways. Fourth,
changes in exploratory motor behaviour could reﬂect pain but also
other disturbances. Finally, the assessor of the behavioural out-
comes was not blinded to group allocation, which might have
allowed some observer bias when measuring differences in ipsi-
lateral percent weight-bearing between study groups41. Future
studies could use a blinded assessor when performing these
assessments.
Conclusions
This study demonstrated that percent ipsilateral weight-bearing
and three vertical activity variables (i.e., vertical activity count,vertical activity time, and vertical activity episode count) are useful
measures to distinguish rats with and without ACLT þ pMMx-
induced post-traumatic knee OA-like changes. Our data suggest
that these behavioural assays can be added as valuable functional
outcome measures in studies using rat models of OA; however,
their relevance for translational studies of new experimental
treatments needs to be further evaluated.
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